The 2007 Chuetsu-oki earthquake occurred in the offshore area of Niigata Prefecture, central Japan, on 16 July 2007. The aftershock distribution shows two fault planes, dipping to the northwest and southeast, respectively, which form a cross-sectional "V" pattern. We analyze the kinematic source process for the two fault planes consistent with the aftershock distribution using teleseismic body waveform data. Our results indicate that the mainshock initiated rupture on both faults northeast of their intersection and that the rupture propagated unilaterally southwestward along the southeast-dipping fault. The maximum slip is 1.6 m on the southeastdipping fault, and the seismic moments of northwest-and southeast-dipping faults are 8.0 × 10 17 N m (M w 5.9) and 7.5 × 10 18 N m (M w 6.5), respectively. The forward modeling of geodetic displacement from the obtained fault model is consistent with the GPS and InSAR measurements. Successive conjugate reverse faults around the source region are identified from the reflection seismic sections. We presume that stress changes and complicated structures in property and geometry around the source region are the dominant causal factors for generating the complexity of coseismic fault system.
Introduction
The 2007 Chuetsu-oki earthquake occurred in the offshore area of Niigata Prefecture, central Japan, on 16 July 2007. In all, 14 people were killed and more than 2000 people were injured. The earthquake also damaged many houses and the infrastructure, and at the Kashiwazaki power plant, the world's largest nuclear power plant, a maximum horizontal acceleration of 2058 gals (2.1 g) was recorded.
The source area is characterized by a relatively higher level of seismicity, where large earthquakes of the M 6-7 class have historically occurred with frequency. On 23 October 2004 October , the 2004 Chuetsu earthquake (M w 6.6) occurred about 40 km south of the 2007 mainshock. The continuous GPS measurements show a large strain rate around these source areas due to the motion of plates surrounding the Japanese Islands. Sagiya et al. (2000) have proposed a strong deformation belt from the Niigata to Kobe area, called the Niigata-Kobe Tectonic Zone (NKTZ), along the Japan Sea coast based on an anlysis of GPS network (GEONET) data. In the NKTZ, a number of quaternary active faults are concentrated. Although the main fault trace has not been found around the source region of the 2007 earthquake, the mainshock occurred in the upper crust with a steeply dipping reverse fault mechanism under the northwest-southeast compression, which is quite usual in the northern part of the NKTZ, implying a relationship beCopyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
tween the seismic source and the regional deformation in the NKTZ.
The aftershock distribution over a period of a couple of days shows two fault planes, dipping to the northwest and southeast, respectively, which form a cross-sectional "V" (e.g., Yukutake et al., 2008) . The fault system with multifault planes with nearly conjugate geometry is not an unusual feature and has been studied in some events, 1980 Irpinia, Italy, by Bernard and Zollo (1989), 1982 North Yemen by Langer et al. (1987 ), 1982 Miramichi, Canada, by Wetmiller et al. (1984 and Choy et al. (1983 ), 1988 Tennant Creek, Australia, by Bowman et al. (1990 , and 1990 Nooksack Forks, USA, by Qamar and Zollweg (1990) . Recent studies (e.g., Choy and Bowman, 1990; Bowman, 1991; Payne et al., 2004) discuss not only the fault geometry but also the stress regime around the source region. In Japan, these fault systems have been found in the 1997 Northwestern Kagoshima earthquake (e.g., Miyamachi et al., 1999) and the 2004 Chuetsu earthquake (e.g., Sakai et al., 2005; Shibutani et al., 2005) .
The aftershock distribution reveals the source fault structure and may help us understand source mechanisms of the mainshock. However, we can not follow a time history of faulting during rupturing from only the spatial analysis of the distribution using the limited number of events, and it is difficult to understand the relation of the fault system with the source characteristics, such as heterogeneous fault slip in a fault plane.
In this paper, we investigate the slip distribution by applying waveform inversion for the fault models of two op- positely dipping thrust faults (oriented in a conjugate manner). We show that the 2007 mainshock ruptured near the northeastern ends of the two faults and the main energy release occurred along the southeast-dipping fault associated with rupturing in the northwest-dipping fault.
Data and Analysis
We apply the waveform inversion of Kikuchi and Kanamori (2003) using teleseismic body waveform data for the 2007 Chuetsu-oki earthquake. The waveform inversion deconvolves complex waveforms into subevents and determines the location of asperities and the spatial distribution of slip directions and seismic moments at the mainshock, which then provides us with an informative clue on the heterogeneous source properties in a fault plane.
The teleseismic waveform data were retrieved from the IRIS and the Ocean Hemisphere Network Project (OHP) data center. We use 50 stations with epicentral distances between 30
• and 100
• for P-wave data. The broadband original data are integrated into ground displacement and band-pass filtered in the frequency band 0.002-1 Hz. We use a one-dimensional (1D) velocity structure referring to the results of the seismic reflection surveys by No et al. (2008) . The results of Yukutake et al. (2008) obtained by using station correction and the double-difference method, are adopted as a reference epicenter. In the faults, we assume that a maximum rupture front velocity is 3.0 km/s, and four point sources are placed at each subfault. The nonnegative least-squares method (Lawson and Hanson, 1974) is employed for constraining the rake angle.
For fault geometries, we use the waveform inversion approach of Kikuchi and Kanamori (1991) to estimate the optimal focal mechanism of the mainshock. We estimate a reverse mechanism with the preferred fault plane of: strike N40.4
• E, dip 36.8
• , slip 89.2
• . Taking into account the aftershock distribution nearly conjugate to the preferred fault plane in the northeastern region, we determine the conjugate fault plane of: S41.4
• W, dip 53.2
• , slip 90.6
• for the northwest-dipping fault (Fig. 1) . Each fault size (length and down-dip width) is constructed taking into consideration the aftershock distribution of Yukutake et al. (2008) .
Results
The inversion results of the 2007 Chuetsu-oki earthquake indicate that the mainshock is composed of two subevents ( 30 GPa, we calculate maximum slips of 0.4 m and 1.6 m for the northwest-and southeast-dipping faults, respectively. We also calculate 7 km for the depth of the hypocenter using a grid search of minimum residual between observed and synthetic waveforms. We show the observed and the resultant synthetic waveforms in Fig. 3 . The residual sum of squares between them is 0.238. We next calculate crustal deformation around the source area based on the elastic dislocation theory (Okada, 1985) and compare it with the observed crustal deformation to ver- a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a ify our results. Figure 4 shows the spatial distribution of the calculated crustal deformation compared to the vertical and horizontal deformation from GPS and descending InSAR data of the Geographical Survey Institute (GSI). The observed deformation pattern (Fig. 4(b) ) shows the following features: (1) both up-dip and down-dip displacements are located around the source area; (2) the maximum horizontal and vertical displacements are observed in Kashiwazaki; (3) the vertical displacement and the direction of the horizontal component change abruptly within a distance of 10 km between two stations, K1 and K2, in Kashiwazaki. Although the geodetic deformation is not directly inverted, our estimated fault model by seismic source inversion explains the above features to a first-order approximation (Fig. 4(a) ). We also test other simpler fault models with one northwestor southeast-dipping fault. The crustal deformation by the simpler models is systematically smaller than the observed value at GPS station around the source area, and the residual sum of squares for our conjugate model is better than that for the simpler models. In summary, our inverse and forward modeling approaches indicate that the mainshock is associated with coseismic rupture along two faults oriented in a conjugate manner. The mainshock initiated rupture near the two northeastern ends of the northwest-and southeastdipping faults, releasing most of the seismic energy near their projected intersection (Figs. 1 and 2) . The rupture propagated unilaterally southwestward, with the southeastdipping fault releasing more seismic energy than the northwest-dipping fault (Fig. 2) .
Discussion and Conclusions

Fault interaction
We here discuss the cause of the complex rupture during the 2007 Chuetsu-oki earthquake and suggest two possible explanations. First, we suggest that Coulomb failure stress increases may have promoted rupture along the two faults. We calculate the Coulomb failure stress change in each subdivided fault segment due to faulting along the northwestand southeast-dipping faults assuming the apparent coefficient of friction of 0.4 (Fig. 5) . We use the resultant slip direction as the fault geometry of the subdivided segment. In the case of the faulting in the southeast-dipping fault, most of the segment in the northwest-dipping fault just near the hypocenter is located by negative stress changes, while the positive changes are seen in the vicinity of the hypocenter. In the case of the faulting in the northwest-dipping fault, the segments in the southwestern region including the maximum slipped region and also the northeastern region in the vicinity of the hypocenter in the southeast-dipping fault are located in positive changes. Although the slip value and seismic moments in the northwest-dipping fault are small, the small fault size and its location produce the positive changes in both regions in the southeast-dipping fault. The stress changes in these regions exceed 0.01 MPa (regions drawn by thick line in Fig. 5 ), which are compara- ble to the minimum level affecting seismicity (e.g., Reasenberg and Simpson, 1992) . Although we calculate the stress changes with other coefficient values, 0.2-0.8, no significant differences are seen in our focus region. We conclude that the positive stress changes following the rupture along the northwest-dipping fault partially contributed to the large failure along the southeast-dipping fault.
Crustal structure around the source region
Second, we suggest that the complicated structures resulting from past faulting and heterogeneous physical properties of the surrounding crust may have contributed to rupture along the conjugate faults. Geological and bathymetric data show that the fold structure extends into the NKTZ and eastern margin of the Japan Sea, which is thought to be the result of the regional E-W compressive stress field for the last 3 million years. Based on seismic reflection surveys in a region adjacent to the source region, No et al. (2008) found strong reflective boundaries dipping both northwest and southeast. Although their seismic lines do not include the region near the hypocenter, the reflective boundaries are likely to continue into the source region. Our results may imply that the mainshock is associated slip along two faults consistent with the orientations of the reflective boundaries.
The seismic tomography results have shown the strong heterogeneity of velocity structures related with the existence of fluids derived from the Pacific slab (Nakajima and Hasegawa, 2007) . The involvement of fluids in the fault zone has been supposed to be an important part on the process of faulting and seismicity (Hickman et al., 1995) . Based on the results of these studies in this area, we suppose that complicated structures in property and geometry around the source region are the predominant cause for generating the complexity of coseismic fault system. In this area, the seismicity in the source region of the 2004 Chuetsu earthquake also showed the similar faulting pattern as the 2007 earthquake and indicated the presence of strong heterogeneous structures in and around the source region (e.g., Shibutani et al., 2005) . A detailed study on dynamic ruptures and seismogenic structures of the 2007 earthquake may develop our understanding of the mechanics of this complex fault system.
